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HIGHLIGHTS 


•  Durability  tests  for  PEMFC  stacks  are  carried  out  in  constant  power  mode  with  simulated  reformate  fuel  gases. 

•  Major  degradation  mechanisms  and  patterns  in  a  PEMFC  stack  are  investigated  under  low  cathode  humidification. 

•  Various  post-mortem  investigations  are  carried  out  to  disclose  the  main  reasons  of  failure  of  the  stack. 

•  Delamination  of  the  catalyst  layer  of  unstable  operating  MEAs  is  significant  near  the  cathode  gas  inlets. 

•  Degradation  is  due  to  the  cathode  carbon  corrosion  and  membrane  failure  during  the  start-up  and  shut-down  process. 
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During  continuous  power  operation  for  2740  h,  the  major  mechanisms  and  patterns  of  performance 
degradation  in  a  polymer  electrolyte  membrane  fuel  cell  (PEMFC)  stack  are  investigated  under  low 
cathode  humidification  with  simulated  reformate  fuel  gases  through  the  use  of  various  physicochemical 
and  electrochemical  analysis  tools.  As  operating  time  increases,  the  operating  voltages  and  open-circuit 
voltages  (OCVs)  of  the  stack  decrease  with  the  large  voltage  distributions.  In  the  post-mortem  analysis  of 
the  stack,  the  delamination  of  the  catalyst  layer  (CL)  of  unstable  operating  membrane  electrode  as¬ 
semblies  (MEAs)  is  significant  near  the  cathode  gas  inlets.  This  observation  is  in  agreement  with  the 
results  of  OCV,  hydrogen  crossover  current,  and  anode  off-gas  measurements.  This  phenomenon  may  be 
due  to  the  acceleration  of  carbon  corrosion  in  the  cathode  during  the  frequent  start-up  and  shut-down 
process,  because  the  local  cathode  potential  can  reach  more  than  1.5  V  in  the  air/fuel  boundary.  Addi¬ 
tionally,  the  frequent  membrane  hydration  and  dehydration  by  the  accumulation  of  excess  water 
(through  electrochemical  reaction)  and  faster  water  evaporation  (under  dry-air  cathode  conditions  and 
high  operating  temperatures)  may  accelerate  the  interface  delamination  between  the  membrane  and 
cathode  CL  with  a  substantially  uneven  distribution  of  water. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

One  of  the  remaining  technical  challenges  for  the  commercial¬ 
ization  of  polymer  electrolyte  membrane  fuel  cells  (PEMFCs)  for 
portable,  stationary,  and  transport  applications  is  to  assure  long¬ 
term  durability  and  high  reliability  with  reduced  system  cost 
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[1,2  .  The  lifetime  targets  for  2015  set  by  the  U.S.  Department  of 
Energy  (DOE)  is  at  least  5000  h  for  automobile  applications  and 
40,000  h  for  building  applications  under  practical  operating  con¬ 
ditions.  The  costs  of  manufacturing  PEMFC  systems  (including 
materials)  must  also  be  reduced  concurrently  [3].  Over  the  last 
decade,  much  research  has  been  conducted  to  improve  the  long¬ 
term  durability  of  PEMFCs  by  improving  membranes,  anode/cath¬ 
ode  catalysts,  bipolar  plate  materials,  balance-of-plants  (BOPs),  and 
operating  logics  (start-up-shut-down)  [4—6  .  Among  these,  one  of 
the  major  cost  components  in  manufacturing  PEMFCs  for  various 
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Fig.  1.  Exterior  view  of  the  (a)  32-cell  and  (b)  single-cell  PEMFC  stack.  The  closest  cell  from  the  gas  inlet  (bottom)  was  designated  as  #1  (bottom)  and  the  far-end  cell  (up)  from  the 
gas  inlet  was  designated  as  #32. 


applications  is  the  catalyst  and  bipolar  plate.  Extensive  works  have 
carried  out  to  reduce  the  cost  via  the  use  of  more  effective  supports 
(e.g.  graphene,  nanofibers,  and  nanoparticles)  and  novel  composite 
catalysts  (Pt  alloys  with  various  transition  metals)  with  less 
precious  metal  loadings,  and  high-performance  membrane  elec¬ 
trode  assemblies  (MEAs)  with  better  fabrication  methods  and 
electrode  structure  [7,8].  Low-cost  bipolar  materials  such  as  com¬ 
posite  materials  or  other  conductive  metals  have  also  been 
considered  as  alternatives  to  graphite  plates,  in  terms  of  the  con¬ 
ductivity,  gas  permeability,  corrosion  resistance,  ease  of  manufac¬ 
turability,  thinness,  and  light  weight  [9]. 

Another  way  to  realize  cost-savings  for  PEMFC  systems  is  to 
remove  the  external  gas  humidification  parts  on  the  cathode  side 
[10].  It  is  possible  to  minimize  the  complexity,  size,  and  number  of 
balance-of-plants  (BOPs)  in  PEMFC  systems.  The  high  humidifica¬ 
tion  of  gas  causes  additional  energy  losses  due  to  the  heating  of  the 
humidifier  and  control  of  the  water  balance  [11].  Additionally,  at 
subzero  temperatures,  detrimental  effects  by  ice  formation  on 
PEFMCs  (e.g.  in  the  MEAs  and  humidification  parts)  in  the  cathode 
part  can  be  reduced  during  the  storage  and  operation  of  the  system. 
Low-humidified  fuels,  however,  may  reduce  the  lifetime  of  PEMFCs 
with  reduced  power  density  due  to  the  dehydration  and  mechan¬ 
ical  stress  of  the  membrane  by  uneven  water  distribution  between 
both  the  electrodes  in  the  MEA. 

Hence,  this  study  aims  at  assessing  the  major  mechanisms  and 
patterns  of  performance  degradation  in  a  PEMFC  stack  (including 
membranes,  electrodes,  bipolar  plates,  and  seals)  operating 
continuously  for  thousands  of  hours  under  low  cathode  humidifi¬ 
cation  through  the  use  of  various  physicochemical  and  electro¬ 
chemical  analysis  tools.  Although  many  efforts  have  been  made  on 
understanding  PEMFC  behavior  under  low-humidification  condi¬ 
tions,  they  have  mainly  focused  on  stable  stack  performance 
without  humidifying  the  gas  streams  through  the  specific  design  of 
a  stack  flow-field  or  proper  operating  conditions  [11—13].  In  addi¬ 
tion,  it  is  imperative  that  the  long-term  durability  of  PEMFC  stack 
be  evaluated  as  a  function  of  time  under  realistic  operating  con¬ 
ditions  to  enter  the  energy  market,  since  single-cell  evaluation 
cannot  represent  the  characteristics  of  a  PEMFC  system  in  terms  of 
energy  and  thermal  efficiency  due  to  the  non-uniformity  in  po¬ 
tential,  temperature,  and  flow  distributions  [14]. 

The  CO  tolerance  of  a  PEMFC  stack  is  also  investigated  with 
liquefied  petroleum  gas  (LPG)  reformed  hydrogen  gas  containing  a 


few  ppm  of  CO  in  the  anode  for  various  power  applications.  At 
present,  LPG  is  easily  accessible  and  available  without  major 
infrastructure  investment.  Most  previous  research  has  mainly  been 
conducted  in  mild  operating  conditions  using  hydrogen  fuel,  full 
humidification,  and  constant  operation  mode  regarding  voltage  or 
current.  This  work  contributes  to  recognizing  various  degradation 
sources  occurring  under  harsh  PEMFC  operation  conditions  to 
realize  stable  stack  performance  in  a  real  operation  mode  for  a 
targeted  lifetime. 

2.  Experimental 

2.1.  Stack  preparations 

Membrane  electrode  assemblies  (MEAs)  were  prepared  by  a 
commercial  catalyst-coated  membrane  (CCM;  Gore  MESGA  Primea 
Series,  USA)  with  Pt-Ru/C  (anode)  and  Pt/C  (cathode)  catalysts.  The 
Pt  loadings  were  0.4  mgcnrr2  for  both  electrodes,  and  SGL  carbon 
papers  (35BC  Germany)  were  used  as  gas  diffusion  layers  (GDLs). 
The  active  area  of  the  electrode  was  51.6  cm2  for  MEAs  in  the  stack. 
The  PEMFC  stack  was  composed  of  32  single  cells  connected  in 
series  with  machined-graphite  flow-distribution  plates  (lido  F  &  C, 
Korea).  A  planar  PEMFC  stack  is  shown  in  Fig.  1,  where  the  closest 
cell  from  the  gas  inlet  is  designated  as  #1  (the  lowest  cell),  and  the 
cell  at  the  far  end  from  the  gas  inlet  was  designated  as  #32  (the 
highest  cell).  The  flow  channels  of  the  cathode  and  anode  were 
designed  as  quadruple  and  dual  serpentine-type  fields,  respec¬ 
tively,  and  their  width  and  depth  were  0.3  mm  and  1.0  mm, 
respectively.  Ethylene  propylene  diene  monomer  (EPDM;  Don-A 
Hwa  Sung  Co,  Korea)  was  used  for  the  gasket  between  each  sin¬ 
gle  cell  for  its  chemical  resistibility  and  stability.  The  six  cooling 
fans  (GB0535AEV2-8,  Sunon,  Taiwan)  were  set  up  on  the  front  of 
the  stack  for  quick  removal  of  the  heat  generated  by  high- 
temperature  humidified  fuel  and  electrochemical  reactions  inside 
the  stack.  Cell  voltage  probes  were  installed  on  the  side  of  the  stack 
to  read  the  voltage  variation  of  32  cells. 

2.2.  Stack  durability  test 

A  durability  test  was  carried  out  with  the  PEMFC  stack  using  a 
fuel  cell  test  station  (Arbin  Instruments,  USA)  equipped  with  an 
electrical  load,  mass  flow  controllers  (MFCs),  temperature-variable 
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humidifiers,  and  gas  line  heaters.  The  operating  characteristics  of 
the  PEMFC  stack  were  investigated  in  constant  power  modes 
(300  W  ->  280  W  ->  260  W)  with  real  simulated  operating  con¬ 
ditions  for  10  h  on  and  2  h  off.  The  stack  temperature  was  regulated 
at  65  °C  by  external  cooling  fans,  and  three  thermocouples  were 
placed  at  the  centers  of  cells  (#1,  #16,  and  #32)  to  monitor  the 
temperature  distribution  inside  the  stack.  The  stack  was  fed  with 
humidified  simulated-fuel  processed  gases  (H2  70%,  N2  6.5%,  CH4 
0.998%,  CO2  22.5%,  CO  20  ppm)  and  dry  air  with  stoichiometries  of 
1.75  and  2.80,  respectively,  at  ambient  pressure.  The  humidification 
for  the  anode  fuel  was  controlled  by  changing  the  humidifier  bottle 
temperature  (58  °C).  Air-bleeding  method  (200  ml  min-1  air)  [15] 
was  used  to  control  the  CO  contained  in  the  reformed  gas, 
because  trace  levels  of  CO  can  substantially  decrease  the  stack 
performance.  The  safety  logic  comprised  an  automatic  shut-down 
at  under  0.45  V  of  voltage  for  each  cell  to  prevent  failure  of  the 
PEMFC  stack. 

2.3.  Post-mortem  analysis  of  PEMFC  stack 

After  the  durability  experiment,  the  degradation  mechanisms  of 
the  PEMFC  stack  were  investigated  by  various  physicochemical  and 
electrochemical  analysis  tools.  First,  the  influences  of  changes  in 
stoichiometry  on  the  current— voltage  performance  recovery  were 
examined  by  increasing  the  anode  fuel  stoichiometry  from  1.75  to 
2.00  and  the  cathode  stoichiometry  from  2.80  to  3.80  under  a 
constant  power  of  240  W  to  examine  the  mass  transport  limitations 
of  the  stack.  In  order  to  evaluate  the  hydrogen  crossover  and 
electronic  shorting  in  the  MEAs,  constituent  analysis  of  the  anode 
off-gas  (AOG)  and  linear  sweep  voltammetry  (LSV)  were  performed 
before  and  after  the  durability  test.  The  AOG  components  were 
analyzed  by  gas  analyzer  (Horiba,  Japan)  in  the  OCV  state.  Hu¬ 
midified  fuel  processed  gases  and  dry  air  were  fed  into  the  PEMFC 
stack  at  65  °C.  LSV  measurements  were  obtained  for  the  H2/N2  cell 
with  a  potential  range  of  1.0-5.0  V  using  an  electrochemical 
analyzer  (Solartron  Analytical  1470E,  UK). 

After  the  durability  test,  stack  MEAs  with  unstable  performance 
were  reassembled  into  a  single  short-stack  with  gaskets,  bipolar 
plates,  and  GDLs  (fresh  and  tested)  for  further  electrochemical  in¬ 
vestigations,  as  shown  in  Fig.  lb.  Electrochemical  impedance 
spectroscopy  (EIS)  was  carried  out  to  analyze  the  ionic  resistances 
of  the  membrane  and  catalyst  layer  (CL),  as  well  as  the  charge 
transfer  resistance  and  the  mass  transfer  resistance.  EIS  measure¬ 
ments  were  conducted  in  the  frequency  range  of  10  kHz— 100  mHz 
using  a  potentiostat  (Solartron  Analytical  1287,  UK)  in  conjunction 
with  a  frequency  response  analyzer  (Solartron  Analytical  1255B, 
UK),  and  a  power  booster  (Solartron  Analytical,  1290,  UK).  The 
amplitude  of  the  sinusoidal  voltage  signal  was  within  10  mV.  The 
contact  angles  of  GDL  (SGL  35BC,  Germany)  surface  before  and  after 
the  on/off  durability  cycles  were  measured  by  the  sessile-drop  test 
using  a  contact  angle  system  (DSA  100,  Krvss,  Germany).  The  con¬ 
tact  angle  was  measured  at  15  s  after  a  droplet  of  water  (15  pi  pure 
water  droplet)  touched  the  solid  surface.  The  heights  of  gaskets  and 
clearances  between  the  cells  in  PEMFC  stack  were  measured  by  the 
profile  projector  (gasket  measurement  system,  VMS,  Korea)  after 
the  durability  test. 

3.  Results  and  discussion 

3.1  Stack  durability  test 

The  cell  voltage  and  current  density  of  the  PEMFC  stack  are 
shown  in  Fig.  2  for  the  entire  2740  h  life  test  as  a  function  of  time 
under  constant  power  mode  (300  W  -* *  280  W  — ►  260  W).  Simu¬ 
lated  reformate  gases  and  dry  air  were  used  at  ambient  pressure  as 


the  anode  and  cathode  reactants,  respectively.  The  initial  perfor¬ 
mance  of  the  stack  operated  under  a  constant  power  of  300  W  with 
highly  humidified  fuels  maintained  at  65  °C  was  0.729  V  on  average 
(Fig.  2a).  The  required  voltage  was  decreased  from  0.729  to  0.658  V 
to  maintain  the  specified  power  output  over  time,  while  the  current 
showed  an  upward  tendency  from  the  initial  value  of  around 
0.260  Acm-2.  The  difference  in  performance  between  the  differ¬ 
ence  operating  voltage  and  increasing  current  gradually  increased 
with  time  in  the  durability  test.  Unfortunately,  the  PEMFC  stack 
could  not  be  stably  operated  at  300  W  after  testing  for  2060  h. 
Several  cells  (#5,  #20,  and  #22)  showed  a  voltage  lower  than  0.64  V 
during  continuous  operation  after  1890  h,  and  voltage  drops  sud¬ 
denly  occurred  below  0.1  V,  resulting  in  the  unintentional  shut¬ 
down  of  the  stack  by  the  automated  safety  operation  logic. 
Hence,  the  PEMFC  stack  was  then  operated  at  280  W  for  2450  h  and 
260  W  2740  h  for  the  same  reason. 

The  operating  stability  of  the  stack  was  evaluated  by  cell-to-cell 
voltage  variations  in  continuous  power  operation  mode.  The 
voltage  distributions  across  the  entire  32-cell  stack  were  monitored 
at  65  °C,  and  the  results  are  shown  in  Fig.  2b.  All  standard  de¬ 
viations  of  the  voltages  were  calculated  as  the  average  values  after 
steady-state  conditions  for  1  h  over  a  period  of  10  h.  The  cell  voltage 
distribution  became  increasingly  less  uniform  with  the  aging  pro¬ 
cess.  This  increased  significantly  from  5.0  to  35.8  mV,  and  the 
voltage  difference  between  the  maximum  and  minimum  also 
increased  from  30  to  153  mV.  The  voltage  distributions  of  cells  in 
the  PEMFC  stack  during  10  h  of  operation  before  and  after  dura¬ 
bility  testing  are  shown  in  Fig.  3.  For  the  initial  state  (Fig.  3a),  the 
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Fig.  2.  (a)  Cell  performance  by  voltage  and  current  density,  and  (b)  the  operating 
stability  of  PEMFC  stack  by  cell-to-cell  voltage  variations  for  the  entire  2740-h  life  test 
as  a  function  of  time  under  the  constant  power  mode  (300  W  — ►  280  W  ->  260  W). 
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voltage  variations  of  the  stack  at  a  constant  power  of  300  W  are 
highly  uniform  within  5  mV.  As  the  operating  time  increased, 
however,  the  operating  voltage  decreased  with  large  voltage  dis¬ 
tributions  (Fig.  3b).  The  voltages  of  individual  cells  in  the  operating 
state  are  shown  in  Fig.  3c  to  fully  recognize  inferior  cells  in  the 
PEMFC.  The  average  voltage  of  a  stack  under  constant-power 
operation  is  0.729  V  with  small  distributions  in  the  initial  state, 
whereas  several  cells  (#6,  7,  20,  22,  and  30)  showed  unstable  per¬ 
formance  with  decreased  cell  voltage  after  the  durability  test.  In 
order  to  understand  this  phenomenon,  the  dominant  degradation 
mechanisms  are  analyzed  in  the  next  section. 
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Fig.  3.  Voltage  distributions  of  cells  on  PEMFC  stack  during  10  h  of  operation  (a)  before 
and  (b)  after  durability  testing,  and  (c)  voltages  of  individual  cells  under  operating 
state  to  recognize  inferior  cells  in  stack. 


3.2.  Analysis  of  pre-disassembly  of  stack 

PEMFC  stack  degradation  has  been  reported  in  several  studies 
[16-21].  The  main  degradation  mechanism  is  related  to  the 
reduction  in  the  electrochemical  active  surface  area  by  the  sintering 
and  agglomeration  of  Pt,  carbon  oxidation,  membrane  thinning, 
reduced  interfacial  strength  between  the  electrodes  and  mem¬ 
branes,  corrosion  of  the  stainless  steel  BPs,  and  poisoning  of  the 
MEAs  by  metal  dissolution  [22—24].  Flowever,  additional  studies 
are  necessary  to  determine  the  PEMFC  degradation  behavior  under 
low-humidification  conditions  with  the  simulated  reformate  fuel. 
Post-mortem  analysis  of  the  PEMFC  stack  was  carried  out  to 
determine  the  main  cause  of  degradation.  After  durability  testing 
for  1800  h  under  300  W  constant-power  operation,  the  non¬ 
uniformity  of  the  PEMFC  stack  regarding  cell  voltages  was 
observed.  In  particular,  cells  #5,  #20,  and  #22  showed  substantial 
voltage  fluctuations  during  6  h  of  operation,  as  shown  in  Fig.  4.  This 
phenomenon  is  generally  attributed  to  the  mass  transport  limita¬ 
tion  by  the  high  rates  of  water  production,  which  led  to  flooding. 

For  clear  understanding  of  the  effect  of  the  mass  transport 
limitation  in  both  electrodes,  the  anode  and  cathode  fuel  stoichi¬ 
ometry  was  changed,  and  the  cell  voltage  standard  deviations  and 
[Vmax-Vmin]  values  were  measured.  As  shown  in  Fig.  5,  the  cell 
voltage  standard  deviations  and  [Vmax-Vmin]  values  increased 
drastically  from  5.0  and  30.0  mV  in  the  initial  state  to  35.8  and 
153.1  mV,  respectively,  in  the  final  state  (Fig.  5a  and  b).  In  order  to 
decrease  the  mass  transport  limitation  on  the  cathode  side,  the  air 
stoichiometry  was  increased  from  2.8  to  3.8.  Increasing  the  cathode 
air  stoichiometry,  however,  resulted  in  a  negligible  change  in  the 
cell  voltage  standard  deviation  and  [Vmax-Vmin]  values  (Fig.  5c). 
This  means  that  cathode  water  flooding  can  be  eradicated  as  a  main 
cause  of  unstable  stack  performance  under  dry-air  cathode  opera¬ 
tion.  In  contrast,  increasing  the  anode  fuel  stoichiometry  from  1.75 
to  2.00  resulted  in  decreasing  the  cell  voltage  standard  deviations 
and  [Vmax— Vmin]  to  values  of  24.3  mV  and  108.3  mV,  respectively 
(Fig.  5d).  This  means  that  anode  mass  transport  limitations 
contributed  to  the  voltage  degradation  of  the  stack  to  some  extent, 
since  the  anode  was  operated  continuously  with  humidified 
reformate  gases.  Though  the  cell  voltage  stability  and  uniformity 
showed  slight  improvements  under  constant-power  operation,  the 
PEMFC  stack  still  could  not  be  stably  operated  at  300  W  with  an 
increased  fuel  flow  rate.  This  means  that  other  principal  degrada¬ 
tion  mechanisms  should  be  considered,  even  though  the  mass 
transport  limitation  on  the  anode  side  had  some  effect  on  the  stack 
performance. 

It  has  been  shown  that  the  performance  decay  rate  of  an  MEA  is 
dependent  on  the  membrane  degradation,  such  as  thinning,  hole 
formation,  and  contamination  (silicon,  metal  cations)  in  the  MEA 
components  [25-27].  A  common  diagnostic  tool  in  stack  testing  is 
the  measurement  of  individual  cell  voltages  at  open-circuit  voltage 
(OCV).  These  measured  variations  can  be  used  as  a  means  to 
recognize  degraded  membranes  in  MEAs.  OCVs  of  32  cells  in  a 
PEMFC  stack  were  measured  before  and  after  the  durability  testing, 
and  the  results  are  shown  in  Fig.  6.  In  the  initial  state  of  the  long¬ 
term  test,  the  OCV  of  the  stack  was  31.2  V,  with  the  average  OCV 
of  each  unit  cell  being  0.976  V.  After  durability  testing,  the  cell 
voltages  showed  a  large  discrepancy  throughout  the  stack.  The 
OCVs  of  the  32  cells  varied  from  0.80  V  to  0.93  V  after  2740  h  of 
testing.  In  particular,  6  cells  (#5, 6, 7, 20, 22,  and  30)  showed  a  lower 
voltage  of  0.8  V.  The  low  OCV  was  inferred  to  have  come  from 
membrane  failure  or  MEA  delamination.  This  voltage  non¬ 
uniformity  and  low  OCV  may  be  due  to  the  increased  hydrogen 
crossover  through  the  polymer  electrolyte  membrane,  resulting  in 
the  mixed  potential  in  the  cathode.  These  phenomena  are  strongly 
correlated  to  mechanical  and  chemical  failures  by  creep  of  the 
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Fig.  4.  Non-uniformity  in  cell  voltages  of  PEMFC  stack  with  the  substantial  voltage 
fluctuations  during  6  h  operation. 


Cell  number 

Fig.  6.  OCVs  of  32  cells  in  PEMFC  stack  measured  before  and  after  the  durability 
testing. 


polymer  electrolyte  membrane  [28-30].  The  polymeric  membrane 
is  exposed  to  frequent  swelling  and  contraction  conditions  due  to 
the  accumulation  of  excess  water  and  shortages  due  to  faster  water 
evaporation  at  high  operating  temperatures  by  frequent  start-up 
and  shut-down  cycles.  A  sizable  volume  change  of  the  polymeric 
membrane  at  a  high  operating  temperature  can  amplify  the  me¬ 
chanical  stress  at  the  interface.  The  mechanical  and  chemical  failure 
modes  of  the  membrane  are  strongly  correlated  to  the  PEMFC 
operation. 

In  order  to  confirm  this  explanation,  the  compositions  of  the 
anode  off-gas  (AOG)  were  measured  by  a  gas  analyzer,  and  the 
results  are  shown  in  Table  1.  The  amount  of  hydrogen  in  the  AOG 
showed  a  big  difference  of  17.3%  between  before  and  after  the 
durability  testing  of  the  stack.  This  large  difference  is  ascribed  to 
the  increased  hydrogen  crossover  by  severe  membrane  thinning  or 
pin-holes.  Hydrogen  crossover  through  the  membrane  leads  to 
decreased  efficiency  of  the  fuels.  This  result  was  also  confirmed  by 
measurement  of  the  hydrogen  crossover  current  of  the  proton  ex¬ 
change  membrane  via  linear  sweep  voltammetry  (LSV)  [31,32].  LSV 
curves  of  the  fresh  MEA  and  after  2740  h  are  shown  in  Fig.  7. 
Hydrogen  crossover  is  evaluated  by  the  diffusion-limited  hydrogen 
oxidation  current  obtained  at  3  V.  By  dividing  the  current  by  the 


Test  condtions 


Fig.  5.  Comparisons  of  cell  voltage  standard  deviations  and  [Vmax-Vmin]  values:  (a)  in 
the  initial  state;  (b)  in  the  final  state;  (c)  in  the  increasing  of  cathode  air  stoichiometry 
from  2.8  to  3.8;  and  (d)  in  the  increasing  of  anode  fuel  stoichiometry  from  1.75  to  2.00. 


active  area,  the  hydrogen  current  density  of  the  stack  drastically 
increased  from  0.58  mAcnrr2  to  30.4  mAcnrr2  (fifty  times  greater) 
during  the  constant-power  operation.  This  result  indicates  that 
membranes  in  the  stack  deteriorated  considerably,  which  could 
also  be  confirmed  from  the  variation  in  the  OCV  and  AOG  analysis. 
The  performance  degradation  in  the  PEMFC  stack  was  thus  mainly 
caused  by  the  decay  of  the  proton  exchange  membrane  under  low 
cathode  humidification  conditions. 

3.3.  Analysis  of  post-disassembly  of  stack 

At  the  end  of  the  2740  h  durability  test,  the  PEMFC  stack  was 
carefully  disassembled  for  further  investigations.  In  order  to  probe 
the  degradation  mechanism  of  the  unstable  stack  MEAs  under 
constant-power  operations  in  detail,  the  MEAs  of  the  20th  and 
22nd  cells  from  the  bottom  of  the  stack  were  taken  out.  Both  CCMs 
were  reassembled  into  single  short-stacks  (Fig.  lb)  with  original 
degraded  GDLs  and  fresh  GDLs.  The  performance  of  the  single 
short-stacks  was  measured  under  80%  relative  humidity  (RH)  H2 
(stoichiometry  of  1.5)  and  dry  air  (stoichiometry  of  2.5),  at 
100  mAcnrr2  and  65  °C.  As  shown  in  Fig.  8,  the  voltage  of  the  20th 
and  22nd  cells  decreased  from  0.8  V  to  0.705  V  and  0.725  V, 
respectively,  after  the  durability  test.  Even  with  fresh  GDLs,  the  cell 
performance  was  still  lower  compared  to  that  of  the  initial  state  of 
the  stacked  MEAs,  even  though  the  MEA  performance  was  partially 
recovered. 

To  provide  further  evidence  of  the  reasonable  interference, 
electrochemical  impedance  spectroscopy  (EIS)  analysis  was  per¬ 
formed  for  each  single  short-stack  under  galvanostatic  control  at 
100  mAcnrr2  and  65  °C.  Measurements  were  taken  at  the  20th  and 
22nd  cells  before  and  after  replacing  the  GDLs  with  a  fresh  stack  of 
MEAs  to  acquire  reference  values  of  the  resistances.  In  the  Nyquist 
plots  of  the  single  short-stacks  in  Fig.  9,  (i)  the  real  intercept  with 
the  real  axis  at  high  frequency  represents  the  ohmic  resistance 


Table  1 

Compositions  of  anode  off-gas  (AOG)  measured  by  gas  analyzer  before  and  after  the 
durability  testing. 


Gas/unit 

Anode  in-gas 
concentrations 

Anode  off-gas 
initial  state 

Anode  off-gas 
after  durability 
testing 

H  2/% 

70 

51.5 

34.2 

CO/ppm 

20 

3.4 

1.6 

CO  2/% 

22.5 

35.6 

41.3 

CH  4/% 

0.998 

2.0 

2.1 
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Fig.  7.  Measurements  of  the  hydrogen  crossover  current  of  the  PEMFC  stack  via  linear 
sweep  voltammetry  of  the  fresh  MEA  and  after  2740  h. 

(ftohmic)  of  the  cell,  which  includes  the  polymer  electrolyte  mem¬ 
brane;  (ii)  the  linear  region  starting  from  the  intercept  on  the  Z !  axis 
represents  the  contribution  from  the  ionic  conduction  (Rci)  through 
the  catalyst  layer;  and  the  (iii)  mid-frequency  and  (iv)  low- 
frequency  intercepts  correspond  to  the  charge  transfer  (Rc t)  and 
mass  transfer  resistance  (Rm t)  of  the  cell,  respectively  [33-36]. 

The  results  of  the  fitting  of  the  equivalent  circuit  model  to  the 
semicircles  are  presented  in  Fig.  10.  The  R0hmic  during  2740  cycles 
increased  from  0.448  to  0.505  (cell  #20)  and  0.485  Qcm2  (cell  #22) 
for  80%  RH  H2  and  dry  air  cells.  Among  the  resistance  components 
of  the  MEA,  Rct  and  Rmt  increased  significantly  after  the  durability 
testing.  In  addition,  the  impedance  spectra  show  unsteady  noise 
patterns  at  a  low-frequency  range  of  the  complex  plane  plot  after 
the  electrochemical  stresses  with  constant  power,  as  shown  in 
Fig.  9.  This  finding  indicates  that  the  increase  in  resistance  by 
cathode  deterioration  is  one  of  the  dominant  factors  in  the  degra¬ 
dation  mechanisms,  because  the  lower-frequency  arc  is  related  to 
the  mass  transport  process  [36].  Furthermore,  the  contribution 
from  the  anode  can  be  ignored,  because  of  the  much  faster 
hydrogen  oxidation  reaction  than  the  oxygen  reduction.  To  see  the 
effect  of  mass  transport  limitation  on  the  degraded  MEA  perfor¬ 
mance,  the  original  degraded  GDLs  of  single  short-stacks  were 
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Fig.  8.  Performances  of  the  single  short-stacks  (20th  and  22nd  cells)  with  original 
degraded  and  fresh  GDLs  measured  under  80%  RH  of  H2,  dry  air,  100  mA  cm-2,  and 
65  °C. 


replaced  with  fresh  GDLs,  and  EIS  measurements  were  then  carried 
out  in  the  same  conditions  as  shown  in  Fig.  10.  Interestingly,  the 
ftohmic  increased  from  0.505  to  0.550  Qcm2  (cell  #20)  and  from 
0.485  to  0.537  Qcm2  (cell  #22)  for  80%  RH  H2  and  dry  air  cells.  On 
the  other  hand,  the  change  of  GDLs  for  cell  #20  and  cell  #22 
resulted  in  significantly  decreasing  Rmt  from  0.752  and  0.498  Qcm2 
to  0.154  and  0.21  Qcm2  in  cell  #20  and  cell  #22,  respectively.  The 
increased  R0hmic  of  degraded  MEAs  by  fresh  GDLs  might  be  due  to 
poor  interface  (mechanical  integrity)  between  the  CCM  and  new 
GDLs,  since  degraded  CCMs  were  tested  more  than  2740  h.  Since 
the  loss  of  the  PTFE  should  accompany  the  change  in  mass  trans¬ 
port  properties  of  the  diffusion  layer,  water  contact  angle  can  be  a 
measure  of  the  degradation  of  GDLs.  The  contact  angles  of  GDLs 
(SGL  35BC)  were  measured  to  analyze  the  water  management 
properties  of  MEAs.  PTFE  on  GDLs  provides  high  hydrophobicity 
(with  high  contact  angle)  to  avoid  water  flooding.  The  contact  an¬ 
gles  of  GDL  decreased  from  149.3°  (pristine  state)  to  139.2°  (anode 
inlet),  130.4°  (anode  outlet),  134.8°  (cathode  inlet),  and  129.3° 
(cathode  outlet),  after  the  durability  test.  The  results  for  water 
contact  angle  means  that  the  mechanical  degradation  of  cathode 
GDL  happens  during  the  durability  test.  The  reduction  of  the  mass 
transfer  resistance  alone,  however,  could  not  entirely  explain  the 
performance  degradation  factor  of  MEAs,  which  was  in  agreement 
with  the  experimental  results  of  the  gas  flow  rate  change,  as 
mentioned  in  the  previous  section. 

Further,  in  order  to  investigate  the  decay  mechanism  of  the 
unstable  MEAs,  the  compression  uniformity  of  a  PEMFC  stack  was 
evaluated  by  sectional  heights  of  gaskets  for  both  electrodes  and 
clearances  between  the  cells.  Before  the  durability  test,  the 
compression  ratio  of  the  MEA  was  adjusted  with  compressible 
gaskets  (EPDM),  which  varied  in  thickness.  Bolts  through  the  two 
end  plates  were  fastened  down  using  a  torque  wrench  so  that  even 
pressure  was  applied  throughout  the  entire  surface  of  the  end 
plates.  Post-test  visual  examinations  of  the  stack  showed  that  sig¬ 
nificant  degradation  of  the  anode  and  cathode  gaskets  was  not 
occurred  in  the  cells.  Fig.  11  shows  the  measured  heights  of  gaskets 
and  clearances  between  the  cells  after  the  durability  test.  The  sig¬ 
nificant  change  of  the  EPDM  gaskets  in  sectional  heights  and 
clearances  in  cathode  inlet  and  outlet  was  not  occurred  in  the  stack 
and  there  is  no  relationship  between  gasket  heights  and  clearance 
and  performance  in  degraded  MEAs. 

After  the  single  short-stack  test,  several  cells  (#10,  #16,  and 
#30)  were  carefully  disassembled  for  further  analysis.  Cell  #30 
showed  unstable  performance  with  reduced  operating  voltage 
(highly  degraded  CCM),  whereas  the  performance  degradation  of 
cells  #10  and  #16  was  relatively  low  (slightly  degraded  CCM). 
Fig.  12  shows  the  optical  image  of  the  cathode  side  of  CCMs.  It  was 
observed  in  cell  #30  that  the  dissolution  of  the  cathode  catalyst 
layer  and  interface  delamination  between  the  CL  and  membrane 
was  significant,  as  shown  in  Fig.  11a.  Slightly  degraded  CCMs  (#10 
and  #16)  showed  some  pin-holes  and  CL  loss  on  the  cathode  side 
(Fig.  lib).  The  delamination  of  the  CL  was  particularly  severe  near 
the  cathode  gas  inlets,  which  were  reaction  sites  for  dry  air  with 
transported  protons  through  the  membrane.  Likewise,  identical  CL 
degradation  was  found  in  unstably  operating  MEAs  (#5,  #6,  #7, 
#20,  and  #22)  in  the  post-mortem  analysis  stack.  This  observation 
was  in  agreement  with  the  results  of  the  OCV,  hydrogen  crossover 
current  measurements,  and  AOG  analysis.  In  addition,  the  loss  of 
the  cathode  CL  at  the  gas  inlet  region  may  be  due  to  the  frequent 
start-up  and  shut-down  process  of  the  cells.  It  was  demonstrated 
that  the  start-up  and  shut-down  resulted  in  a  kind  of  carbon 
corrosion  in  the  form  of  cracking  or  delamination  of  the  CL,  as  well 
as  catalyst  ripening  and  ionomer  dissolution  [37-39].  This  is 
because  the  local  cathode  potential  can  reach  more  than  1.5  V  in  the 
air/fuel  boundary  due  to  partial  hydrogen  coverage  in  the  anodes, 


96 


N.-I.  Kim  et  al.  /  Journal  of  Power  Sources  253  (2014)  90-97 


Fig.  9.  EIS  analysis  of  each  single  short-stack  [(a)  20th  and  (b)  22nd  cells]  with  original 
degraded  and  fresh  GDLs  performed  under  galvanostatic  control  at  100  mAcm-2  and 
65  °C. 

which  drastically  accelerates  carbon  corrosion  in  the  cathode.  In 
addition,  carbon  corrosion  also  arises  from  the  crossover  of  reactant 
gas  through  the  membrane.  Furthermore,  interface  degradation 
occurred  on  the  cathode  side  of  the  MEA  through  mechanical  and 
chemical  failure  modes  by  polymeric  membrane  swelling  and 
contraction,  which  is  strongly  correlated  to  the  PEMFC  operation. 
This  phenomenon  can  be  attributed  mainly  to  the  recurrent 
membrane  hydration  and  dehydration  by  the  accumulation  of 
excess  water  (through  electrochemical  reaction)  and  faster  water 
evaporation,  under  high  operating  temperatures  and  dry-air  cath¬ 
ode  conditions  [28-30].  An  extensive  volume  change  can  amplify 
the  mechanical  and  chemical  stress  at  the  interface.  Additionally, 
the  uneven  distribution  of  water  between  the  anode  and  cathode 
through  the  membrane  may  bring  about  incessant  stress  on  the 
interface  during  long-term  PEMFC  stack  operation,  because  the 
anode  side  is  continuously  experiencing  humidified  conditions, 
whereas  the  cathode  is  alternatively  exposed  to  dry  and  wet  states. 
The  chemical  degradation  of  the  membrane  can  also  proceed  via 
peroxide  radical  attack  during  the  durability  test  [40-42].  It  is 
commonly  believed  that  decomposition  of  the  membrane  is  caused 
by  the  chemical  attack  of  hydroxyl  and  hydroperoxyl  radicals 
generated  by  the  reaction  between  H2  and  O2.  This  attack  makes 
the  membrane  degrade,  resulting  in  the  increase  of  hydrogen 
permeation. 


Fresh  MEA  cell  #20  Cell  #22 

Stack  MEA 


Fig.  10.  Analysis  results  of  the  fitting  of  the  equivalent  circuit  model  to  the  semicircles 
of  each  single  short-stack  [(a)  20th  and  (b)  22nd  cells]  with  original  degraded  and  fresh 
GDLs. 

4.  Conclusions 

Durability  tests  for  PEMFC  stacks  were  carried  out  in  constant 
power  mode  under  low  cathode  humidification  with  simulated 


Fig.  11.  Measured  (a)  sectional  heights  of  gaskets  and  (b)  clearances  between  the  cells 
after  the  durability  test.  Each  block  represents  unstable  performance  MEAs. 
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Fig.  12.  Optical  image  of  cathode  side  of  CCMs  after  2740  h  testing:  (a)  highly  degraded  CCM  (#30);  (b)  slightly  degraded  CCM  (#10  and  #16). 


reformate  fuel  gases.  During  the  entire  durability  testing  time,  the 
performance  of  the  stack  decreased  steadily,  and  the  stack  abruptly 
could  not  be  operated  stably  under  constant  power  mode  after 
2740  h  of  testing,  due  to  the  output  of  several  unstable  cells 
decreasing  to  below  0  V.  Various  post-mortem  investigations  were 
carried  out  to  disclose  the  main  reasons  of  failure  of  the  stack,  such 
as  the  change  of  the  anode  and  cathode  fuel  stoichiometry,  OCV, 
hydrogen  crossover  current,  AOG,  and  EIS  analysis.  In  the  results  of 
pre-disassembly  and  post-disassembly  analysis,  it  was  found  that 
the  mass  transport  limitation  and  anode  flooding  by  degraded  GDLs 
had  an  important  effect  on  decreasing  the  cell  performance  of  the 
PEMFC  stack  during  long-term  durability  tests.  Most  importantly, 
the  delamination  of  CLs  of  unstably  operating  MEAs  in  the  stack 
was  particularly  severe  near  the  cathode  gas  inlets.  This  phenom¬ 
enon  might  be  due  to  the  frequent  start-up  and  shut-down  process 
of  the  cells,  which  resulted  in  accelerating  the  carbon  corrosion  by 
high  local  cathode  potential  in  the  air/fuel  boundary.  This  was  also 
strongly  correlated  to  the  mechanical  and  chemical  failure  modes 
by  polymeric  membrane  swelling  and  contraction  under  high 
operating  temperatures  and  particularly  dry-air  cathode  condi¬ 
tions,  and  could  amplify  the  mechanical  and  chemical  stress  at  the 
interface  with  the  uneven  distribution  of  water  between  the  anode 
and  cathode  through  the  membrane.  Chemical  degradation  of  the 
membrane  could  also  proceed  via  peroxide  radical  attack  generated 
by  the  reaction  between  H2  and  O2  during  the  durability  test. 
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